Abstract. In the current study, the activation of tumor necrosis factor-α receptor 1 (TNFR1) and receptor-interacting protein kinase 3 (RIP3) were investigated following cerebral ischemia-reperfusion injury (CIRI). Healthy SD rats were randomly divided into 3 groups: Sham operation group, model group and inhibitor group. The model group and inhibitor group were further divided into 4 subgroups of 6, 12, 24 and 72 h following CIRI. Using right middle cerebral artery embolization, the CIRI model was generated. To confirm that the CIRI model was established, neurological scores, TTC staining and brain water content measurements were conducted. Immunohistochemistry and western blotting were conducted to investigate the expression of TNFR1 and RIP3 in the cerebral cortex. It was observed that nerve cell necrosis occurred following 6 h of CIRI. The appearance of necrotic cells was gradually increased with increasing CIRI duration. TNFR1 and RIP3 were positively expressed following 6 h of CIRI. With increasing durations of CIRI, the protein expression levels of TNFR1 and RIP3 were significantly increased. Pre-administration with Z-VAD-FMK (zVAD) significantly increased the protein level of RIP3, however, had no effect on the levels of TNFR1, and was accompanied by a reduction in necrosis. In conclusion, RIP3-mediated cell necrosis was enhanced by caspase blockade zVAD and the function of zVAD was independent of TNFR1 signaling following IR.
Introduction
Ischemic cerebrovascular disease accounts for 60-80% of all cerebrovascular diseases (1) . Compared with other forms of cerebrovascular disease, ischemic cerebrovascular disease is characterized by high incidence, high disability, high recurrence and high mortality, and poses a serious threat to human health. At present, thrombolytic therapy is the primary treatment strategy. However, the blood reperfusion of an ischemic injury frequently leads to further aggravation of the injury (2) . P revious studies have indicated that cerebral ischemia-reperfusion injury (CIRI) leads to the aggravation of injury factors, including free radicals, excitatory amino acids and calcium overload, and additionally correlates with ischemia-induced cerebral cell apoptosis and necrosis (1, 3, 4) . Apoptosis and necrosis of brain cells leads to various degrees of dysfunction amongst patients, and results in a heavy burden being placed upon the patient's family and society (5) . Therefore, it is important to understand the mechanisms underpinning apoptosis and necrosis in CIRI.
Necrosis is an unprogrammed and therefore irreversible form of cell death (6) . Therefore, previous treatment strategies of CIRI have predominantly focused upon the prevention of apoptosis. However, clinical practice has indicated that intervening in apoptosis is not an effective strategy for the prevention of CIRI (1) . Increasing evidence indicates that certain forms of necrosis are regulated by cellular signaling pathways, including the tumor necrosis factor-α (TNF-α) receptor 1 (TNFR1)-mediated programmed necrosis pathway (6) . TNFR1 serves an important role in inflammatory responses, cell immunity and additional physiological and pathological processes (7). He et al (8) reported that receptor-interacting serine/threonine-protein kinase 3 (RIP3) is a key protein in TNF-α-induced necrosis. RIP3 belongs to the RIP family, which has a high Ser/Thr specific protein kinase domain homology, with a conserved kinase domain in the N-terminus and a RIP homotypic interaction motif (RHIM) domain in the C-terminus (9) . When caspase-8 (C-terminal) activation is inhibited, RIP3 is able to bind to RIP1 through the domain, thereby forming a cellular necrosis complex. However, when mutations occur in 4 amino acids of the RHIM domain, the interaction between RIP3 and RIP1 is interrupted, thereby leading to the loss of function of RIP3 in necrosis (10) (11) (12) . Therefore, RIP3 serves an important role in the cellular death pathways (9) (10) (11) (12) (13) . Previous studies have demonstrated that embryonic fibroblast cells derived from RIP3-deficient mice exhibit resistance to TNF-α-induced cell necrosis (8) . In addition, in the caerulein-induced acute pancreatitis mouse model, RIP3 gene knockout significantly reduces necrosis of pancreatic cells and promotes the recovery of acute pancreatitis (14) . Zhang DW suggested that upon the stimulation of necrotic signals, RIP3 proteins act as molecular switches for TNFR1-induced apoptosis and necrosis, and are required for necrosis (15, 16) . However, the expression levels of RIP3 and TNFR1 following CIRI remains to be investigated.
In the current study, the expression of RIP3 and TNFR1 following CIRI were investigated using immunohistochemistry and western blotting. Furthermore, the effects and mechanisms of RIP3 and TNFR1 in cerebral cell necrosis were investigated. The current study may aid in the elucidation of the various programmed necrosis pathways involved following CIRI, and may increase understanding of the pathogenesis of ischemic encephalopathy, thus improving treatment strategies.
Materials and methods
Rat model of CIRI. The current study was conducted in accordance with the guidelines for The Care and Use of Animals in Research (17) , and the protocols used were approved by the Liaoning Medical University Animal Care and Use Committee (Liaoning, China). Adult male Sprague-Dawley rats (Sibeifu Co., Beijing, China; n=40) weighing 250±20 g were housed in an environmentally controlled room at Liaoning Medical University (Liaoning, China) (22±2˚C with a 12 h/12 h light/dark cycle). The rats were supplied with standard rat chow and water ad libitum. Focal cerebral ischemia was induced by middle cerebral artery occlusion (MCAO), as described previously (18) with modifications. Briefly, MCAO was conducted using an occluding suture (diameter, 0.26 mm) for 2 h, as follows. Rats were anesthetized with 10% chloral hydrate from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China; 100 g/0.3 ml) via intraperitoneal injection. The cutaneous operational area was cleaned regularly and a 2-3 cm incision was made in the skin of the neck. The right common carotid artery, the external carotid artery and the internal carotid artery were isolated. The external carotid artery was ligated, blood flow was blocked and a 4-0 monofilament (Beijing Solarbio Science & Technology Co., Ltd.) with a blunted tip coated with poly-L-lysine (Beijing Solarbio Science & Technology Co., Ltd.) was inserted into the internal carotid artery through the external carotid artery. The suture was advanced ~18-20 mm beyond the carotid artery bifurcation until the origin of the middle carotid artery was blocked. Following 2 h of MCAO-evoked ischemia, the suture was slowly drawn back to allow reperfusion. The reperfusion durations were 6, 12, 24 and 72 h (n=6, 6, 16 and 6, respectively). The suture was not inserted into the sham operation group (n=6). Rectal temperature was maintained throughout the procedure at 37±0.5˚C with a temperature-regulated heating pad.
Rat groups and treatments. Rats were randomly divided into the following three groups (n=16 rats/group): i) Sham group, S (n=6); ii) MCAO model group received saline treatment, IR (n=6, 6, 16 and 6 for 6, 12, 24 and 72 h reperfusion, respectively); iii) MCAO model group received the caspase inhibitor Z-VAD-FMK (zVAD; Sigma-Aldrich, St. Louis, MO, USA) treatment 1 day prior to MCAO operation, IR+I. Rats in the IR group received MCAO for 2 h, followed by reperfusion for 6, 12, 24 and 72 h. Rats in the S group underwent the same surgical procedures as those in the IR group, however the suture was not advanced beyond the internal carotid bifurcation. No additional treatments were given in the S group and IR group. Animals in the IR + I group received an intraperitoneal injection of the caspase inhibitor (zVAD; 2 mg/kg) 1 day prior to MCAO.
Neurological evaluation. Rats were examined for neurological deficits following MCAO by two investigators who were blinded to the groups, using a 5-point neurological function score: 0, no deficit; 1, failure to extend right forepaw fully; 2, circling to the right; 3, falling to the right; 4, no spontaneous walking with a depressed level of consciousness. Only rats exhibiting no or incomplete forelimb placing with rotational asymmetry following MCAO were included in the subsequent analysis (19) .
Edema measurement. Rats from each group (n=5) were decapitated under deep anesthesia with 10% chloral hydrate at 6, 12, 24 and 72 h of reperfusion. The ipsilateral and contralateral hemispheres were dissected and the wet weight of the tissue was measured. The tissues were dried at 120˚C for 24 h. The percentage of cerebral water was determined as: (wet weight -dry weight)/dry weight x 100.
Infarct measurement. Following reperfusion, rat brains (n=5 from each group) were removed and frozen at -80˚C for 5 min. Coronal slices (2 mm) were made using a rodent brain matrix (HEAD Biotechnology Co,. Ltd., Beijing, China). The sections were stained for 20 min at 37˚C with 2% 2,3,5-triphenyltetrazolium chloride monohydrate (TTC; Sigma-Aldrich) and were then fixed with 4% formaldehyde. The infarct volume was calculated as previously described (20) . In brief, the sections were scanned and the infarct area in each section was calculated by subtracting the noninfarct area of the ipsilateral side from the area of the contralateral side using ImageJ analysis software (version 1.46; National Institutes of Health, Bethesda, MD, USA). The infarct areas of each section were summed and multiplied by section thickness to give the total infarction volume.
Hematoxylin and eosin (H&E) staining. H&E histology was conducted at 6, 12, 24 and 72 h following reperfusion. Rats were anesthetized by an intraperitoneal injection of 10% chloral hydrate (100 g/0.3 ml) and then perfused transcardially with saline (Beijing Solarbio Science & Technology Co., Ltd.; 250 ml), followed by 4% formaldehyde (Beijing Solarbio Science & Technology Co., Ltd.; 250 ml). Brains were removed and fixed in 4% formaldehyde at 4˚C for 72 h and then dehydrated and embedded in paraffin blocks (Beijing Solarbio Science & Technology Co., Ltd.). Coronal sections were cut posterior to the optic chiasma, at a thickness of 3 mm. The sections were deparaffinized and hydrated with reducing concentrations of alcohol, stained with H&E (Beijing Solarbio Science & Technology Co., Ltd.) and photographed using an optical microscope (Axio Scope.A1; Zeiss AG, Oberkochen, Germany).
Immunohistochemical staining. Rat brains were removed, post-fixed in 4% formaldehyde overnight at 4˚C and cryoprotected with 30% sucrose in PBS. Brains were cut into coronal sections (5 µm) using a Leica RM2135 microtome (Leica Microsystems GmbH). Sections were obtained from each rat, and the free-floating method was used for avidin-biotin-peroxidase labeling. Coronal sections were rinsed with PBS and treated with 0.3% H 2 O 2 (v/v) in PBS for 10 min at room temperature to quench endogenous peroxidase. Following washing with PBS, sections were incubated with a blocking solution [10% normal goat serum (Beijing Zhongshan Jinqiao Biological Technology Co., Ltd., Beijing, China), 0.3% Triton X-100 (Beijing Solarbio Science & Technology Co., Ltd.) in PBS] for 30 min at 37˚C. The slices were incubated with polyclonal anti-TNFR1 mouse monoclonal antibodies (1:200; cat no. sc-374185; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and polyclonal anti-RIP3 rabbit IgG antibodies (1:200; cat no. sc-135170; Santa Cruz Biotechnology, Inc.) for 1 h at 37˚C, followed by overnight incubation at 4˚C. Following rinsing, sections were incubated with goat anti-rabbit IgG antibodies (1:200; cat no. SAB4600015-50UL, Sigma-Aldrich) for 1 h at 37˚C. The antibodies were detected using 0.05% diaminobenzidime tetrachloride (Shanghai Kuaibo Biotechnology Co., Ltd., Shanghai, China) and 0.03% H 2 O 2 in PBS (pH 7.4). Images were captured using an optical microscope (Axio Scope.A1; Zeiss AG) at a magnification of x40, using a standard procedure. PBS was used as the negative control for the primary antibody. Positive cells were counted using a CIAS-1000 cell image analysis system (CIAS-1000, Zhongguo Hengda, Ltd., Beijing, China). All imaging was conducted with equal interval sections, (3 serial sections were taken and analyzed from each animal) and within each section, 2 non-overlapping high-power images (magnification, x400) were obtained of the cerebral cortex. The protein expression positive cell number was counted from each perspective.
Western blotting. For western blot analysis, 15 mg brain tissue was treated with 1 ml radioimmunoprecipitation assay buffer containing 50 mM Tris/HCl (pH 7.4), 150 mM NaCl 1% (v/v) NP-40, 0.1% (w/v) sodium dodecyl sulfate (SDS), 1% (v/v) phenylmethylsulfonyl fluoride (all purchased from Beijing Solarbio Science & Technology Co., Ltd.), 0.3% (v/v) protease inhibitor and 0.1% (v/v) phosphorylated proteinase inhibitor (Sigma-Aldrich). The supernatants were then extracted from the lysates following centrifugation at 13,000 g at 4˚C for 15 min. To quantify the relative concentration of the total proteins, a bicinchoninic protein assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA) was used. Subsequently, equal amounts of protein (15 µg) were separated on an SDS-polyacrylamide gel electrophoresis gel [10% (v/v) polyacrylamide] and transferred onto a polyvinylidene fluoride membrane (all purchased from Merck Millipore, Darmstadt, Germany) at 300 mA for 2 h. To block nonspecific binding, the membrane was incubated with 8% (w/v) milk in Tris-buffered saline Tween-20 (Beijing Solarbio Science & Technology Co., Ltd.) for 2 h at room temperature. The membranes were then incubated with primary antibodies against β-actin mouse mAb (1:4,000; cat no. 3700), RIP3 rabbit mAb (1:1,000; cat no. 15828) and TNFR1 rabbit mAb (1:1,000; cat no. 13377) all purchased from Cell Signaling Technology, Inc., Danvers, MA, USA) overnight at 4˚C. Subsequently, the membranes were washed with PBS-Tween 4 times (5 min/time). Membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5,000, Cell Signaling Technology, Inc.) for 2 h at room temperature. Following incubation, the membranes were washed 4 times (5 min/time). Proteins were detected using enhanced chemiluminescence (EMD Millipore, Billerica, MA, USA) according to the manufacturer's instructions, and the relative protein levels were determined. To measure the alterations in protein expression, target proteins were normalized to β-actin.
Statistical analysis.
All values are presented as the mean ± standard deviation. Data were analyzed for significance using the nonparametric Mann-Whitney U-test or analysis of variance using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

zVA D increases the volume of cerebral infarction post-reperfusion.
Infarct volume as a measure of stroke severity was first determined in the three rat groups (S group, IR group and IR + I group). In the IR group, the volume of the infarct region was significantly increased compared with the S group at 6, 24 and 72 h, as assessed by TTC staining (Fig. 1A and B) . To investigate whether zVAD enhances the infarct volume resulting from MCAO, 2 mg/kg zVAD or saline was administered intraperitoneally 10 min prior to the initiation of MCAO (or sham MCAO). Administration of zVAD increased the infarct volume in rat brains by 0.15, 0.18 and 0.25% respectively at 6, 24 and 72 h post-reperfusion (P<0.05; Fig. 1 ). These results demonstrated the pro-necrotic effect of zVAD against CIRI.
zVAD enhances neurological deficit scores post-reperfusion.
In the S group, no rats exhibited symptoms of neurological deficits, while there were clear neurological deficits in the IR group. In addition, the neurological function was significantly enhanced in the IR + I group rats at 24 and 48 h post-reperfusion compared with the sham group (P<0.05; Fig. 2 ).
zVA D increases brain edema post-reperf usion.
As presented in Fig. 3 , brain edema was significantly increased post-reperfusion in the IR group. To investigate the function of zVAD, it was administered intravenously 10 min prior to the initiation of MCAO. The water content of the ischemic brains was significantly increased at 6, 12, 24 and 72 h post-reperfusion (P<0.05; Fig. 3 ). (Fig. 4) was conducted to investigate the histopathological alterations occurring following focal ischemia. Normal cells in (Fig. 4A) , whereas dying cells in the ipsilateral hemisphere had pyknotic nuclei (black arrows; Fig. 4B and C) . In addition, dying cells exhibited signs of vacuolization (red arrows, Fig. 4B and C) in the core ischemic zone and the ischemic penumbra at 24 and 72 h following reperfusion. However, the pyknotic nuclei were significantly increased in the IR + I group rats at 6, 12, 24 and 72 h post-reperfusion compared with the saline group (P<0.05; Fig. 4B ).
Evaluation of cerebral histology by H&E. H&E staining
zVAD upregulates the expression levels of RIP3 in the rat brain cortex. It has been previously reported that the expression levels of RIP3 were increased in the cortex following reperfusion and 2 h ischemia (20) , which was in accordance with the findings of the present study (Fig. 5A) . Compared with the saline groups, pretreatment with zVAD significantly increased the protein expression level of RIP3 in the IR + I group (Fig. 5B) .As presented in Fig. 5C , enhanced RIP3 immunostaining was observed in cells scattered throughout the ischemic cortex 6, 12, 24 and 72 h post-reperfusion. Quantification of RIP3 positive cells in the three groups are displayed in Fig. 5D .
zVAD does not alter TNFR1 protein expression levels in the rat brain cortex. As presented in Fig. 6 , TNFR1 protein was expressed in the plasma membrane. The expression level of TNFR1 were significantly upregulated in the ischemic hemisphere at 6, 12, 24 and 72 h post-reperfusion. However, zVAD does not alter the TNFR1 protein expression levels in the rat brain cortex (Fig. 6 ). To further investigate the effect of zVAD on the expression of RIP3 and TNFR1, western blotting was used to measure target protein levels in the lesion boundary zone in the three rat groups. The western blotting data (Fig. 7) supported the immunohistochemical data (Figs. 5 and 6 ), in that the protein expression levels of RIP3 and TNFR1 were significantly greater in the IR group compared with the S group (P<0.05).
RIP3 was expressed at greater levels in the IR + I group, while no significant alterations were observed in TNFR1 levels (Fig. 7) .
Discussion
As a fundamental cellular process, programmed cell death widely regulates cell proliferation and homeostasis. Previous studies have indicated two important cellular death pathways, including apoptosis and programmed necrosis (21) . To the best of our knowledge, the role of necrosis in CIRI remains to be fully elucidated. In the current study, RIP3-mediated cell necrosis was enhanced by caspase blockade using zVAD, and the function of zVAD was observed to be independent of TNFR1 signaling. The current study is the first to demonstrate the effect of zVAD in rat brains using a model of transient MCAO. In addition to enhanced structural injury, a reduction in neurological outcomes was observed, furthermore zVAD increased infarct size and brain edema following reperfusion.
Over 80% of stroke cases result from ischemic stroke, which is characterized by high morbidity and mortality (22) . Following a period of ischemia, reperfusion damage may occur when blood flow resumes in the brain (23) , and reperfusion serves an important role in the pathology of cerebral ischemia (24) . Numerous studies report the correlation between certain pathologies and CIRI, including brain edema, inflammation, apoptosis and necrosis (25) (26) (27) .
Apoptosis is an important cellular process in the maintenance of homeostasis in all tissues. Caspases belong to the cysteine protease family and serve key roles in the initiation of apoptosis (28). Caspase-8 is considered to be an initiator caspase and therefore is critically involved in apoptosis (29) . Upon the stimulation of TNF-like cytokines, death receptors are triggered and the caspase cascade is activated, leading to apoptotic cell death (30) . Previous studies have indicated that the inhibition of caspase activity by specific caspase inhibitors, such as zVAD, is able to lead to apotosis-independent cell death, namely programmed necrosis (necroptosis) (31) (32) (33) . Necroptosis has been demonstrated to be regulated by two key kinases, RIP1 and RIP3 (29) .
RIP1 and RIP3 are suggested to serve key roles in TNF-induced cell necrosis (8, 11, 16) . Previous studies have indicated that the binding of TNF-like death cytokines to TNFR1 triggers the formation of a large protein complex, including TNFR1-associated death domain protein, TNF receptor-associated factor 2 and RIP1 (34) . It has been reported that necrosis is initiated by RIP1 and RIP3 following the activation of death receptors (35) . RIP3 belongs to the RIP family, which has homologs to RIP1, RIP2 and RIP4 (36, 37) . However, the C-terminal domain of RIP3 is significantly different from other RIPs (36, 37) . Transient overexpression of RIP3 in certain cells has been demonstrated to induce cell death (36) .
Following the induction of necrosis, RIP3 is recruited to RIP1 and constitutes a necroptosis-inducing complex. It has been suggested that RIP3 functions as a molecular switch for necrosis (14) . Previous studies have demonstrated that knockout of RIP3 is able to promote cell survival even in the lethal phenotype of caspase-8 deficient mice (12, 38) . In addition, studies have reported that caspase-8 significantly inhibits RIP3-RIP1-kinase-dependent necroptosis in line with the activation of death receptor (8, 16) . At the molecular level, caspase-8 is observed to proteolytically cleave and inactivate RIP1 and RIP3, thereby controlling RIP-3-mediated necrosis. In the present study, the expression of TNFR1 and RIP3 was measured in rat brains subjected to MCAO. This demonstrated that TNFR1 and RIP3 were significantly upregulated, suggesting that inflammation-induced cell necrosis occurs following CIRI. However, pre-administration with zVAD significantly increased the protein level of RIP3, with no effect on TNFR1, accompanied by enhanced cell necrosis. These results suggest that zVAD mediates caspase-independent cell death. Thus, the inhibition of caspase-8 using zVAD may sensitize cerebral cells to RIP-mediated necroptotic cell death following IR. Taken together, RIP3-mediated cell necrosis may be enhanced by caspase blockade using zVAD, and the function of zVAD is indicated to be independent of TNFR1 signaling following IR.
